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ABSTRACT
We conducted a deep narrowband NB973 (FWHM = 200A˚ centered at 9755A˚) survey of z = 7
Lyα emitters (LAEs) in the Subaru/XMM-Newton Deep Survey Field, using the fully depleted CCDs
newly installed on the Subaru Telescope Suprime-Cam, which is twice more sensitive to z = 7 Lyα at
∼ 1µm than the previous CCDs. Reaching the depth 0.5 magnitude deeper than our previous survey
in the Subaru Deep Field that led to the discovery of a z = 6.96 LAE, we detected three probable
z = 7 LAE candidates. Even if all the candidates are real, the Lyα luminosity function (LF) at
z = 7 shows a significant deficit from the LF at z = 5.7 determined by previous surveys. The LAE
number and Lyα luminosity densities at z = 7 is ∼ 7.7–54% and ∼ 5.5–39% of those at z = 5.7 to
the Lyα line luminosity limit of L(Lyα) & 9.2× 1042 erg s−1. This could be due to evolution of the
LAE population at these epochs as a recent galaxy evolution model predicts that the LAE modestly
evolves from z = 5.7 to 7. However, even after correcting for this effect of galaxy evolution on the
decrease in LAE number density, the z = 7 Lyα LF still shows a deficit from z = 5.7 LF. This might
reflect the attenuation of Lyα emission by neutral hydrogen remaining at the epoch of reionization
and suggests that reionization of the universe might not be complete yet at z = 7. If we attribute
the density deficit to reionization, the intergalactic medium (IGM) transmission for Lyα photons at
z = 7 would be 0.4 ≤ T IGMLyα ≤ 1, supporting the possible higher neutral fraction at the earlier epochs
at z > 6 suggested by the previous surveys of z = 5.7–7 LAEs, z ∼ 6 quasars and z > 6 gamma-ray
bursts.
Subject headings: cosmology: observations—early universe—galaxies: evolution—galaxies: formation
1. INTRODUCTION
The recent progress on the observations of high red-
shift galaxies are really remarkable and has been reveal-
ing how galaxies evolved and contributed to reionization.
Optical narrowband surveys have discovered Lyα emit-
ters (LAEs) up to z ≃ 6–7 (e.g., Shimasaku et al. 2006;
Taniguchi et al. 2005; Kashikawa et al. 2006; Iye et al.
2006; Ouchi et al. 2008; Ota et al. 2008). A few pio-
neering attempts to search for z ∼ 9 LAEs with near-
infrared narrowband were made and ended with null
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detections (Willis & Courbin 2005; Cuby et al. 2007).
Hight redshift LAEs can be a probe of reionization
since observed Lyα line luminosity function (Lyα LF)
is expected to decline beyond z ∼ 6, where reioniza-
tion is thought to have completed based on the quasar
and γ-ray burst (GRB) observations (Fan et al. 2006;
Totani et al. 2006; Greiner et al. 2009), as the increas-
ing fraction of IGM neutral hydrogen absorbs or scat-
ters the Lyα photons from LAEs (Haiman & Spaans
1999; Rhoads & Malhotra 2001; Hu et al. 2002). Ear-
lier works showed that Lyα LF does not change much
beyond z ∼ 6 by comapring LFs at z = 5.7 and 6.5
and concluded that the universe was largely ionized at
z = 6.5 (Stern et al. 2005; Malhotra & Rhoads 2004).
Also, some cosmological simulations of reionization sup-
port this result (e.g., Haiman & Cen 2005). These stud-
ies used the samples compiled from various literatures
with different selection criteria, survey areas and depths
and suggested that the larger deeper uniform samples
are necessary to improve the accuracy and statistics
and draw the firmer conclusion. Later, Shimasaku et al.
(2006) and Kashikawa et al. (2006) constructed a large
homogeneous samples of z = 5.7 and 6.6 selected from
the consistent criteria, the same and large survey area
and comparable depth to find the significant decline of
Lyα LF from z = 5.7 to 6.6 and suggested possible in-
crease in neutral fraction at z > 6 and the end of reion-
ization at z ≃ 6. For even earlier epoch, Hibon et al.
(2010) recently performed a near-infrared narrowband
survey and detected seven z = 7.7 LAE candidates. They
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concluded that Lyα LF does not evolve from z = 6.6 to
7.7 if two brightest candidates in their sample are real
but otherwise it does evolve, and emphasized that sam-
ple contamination, if any, easily affects the results and
thus spectroscopic comfirmation is important.
Meanwhile, broadband dropout techniques have de-
tected Lyman break galaxies (LBGs) up to z ∼ 6–
10 (e.g., Stanway et al. 2007; Bouwens et al. 2005, 2006,
2009, 2010; Henry et al. 2007, 2008; Bunker et al. 2009;
Hickey et al. 2009; Oesch et al. 2009, 2010; Ouchi et al.
2009b). Their UV continuum LF (UV LF) implies rapid
buildup of luminous galaxies from z > 7 to z . 6 (e.g.,
Bouwens & Illingworth 2006). However, the faint-end
slope of z & 6 LBG UV LF and the escape fraction of
ionizing photons are still highly uncertain, and galaxy
contribution to reionization has not been tightly con-
strained yet (Bunker et al. 2004; Yan & Windhorst 2004;
Bouwens et al. 2006, 2008; Henry et al. 2009).
Recently, gravitationally lensing galaxy clusters have
been used to search for magnified extremely faint galax-
ies at z > 7 and to probe faint end slopes of Lyα
and UV LFs. Three types of ambitious challenges have
been made lately. Using the Keck Telescope, Stark et al.
(2007) conducted near-infrared blind spectroscopic sur-
vey of z ∼ 8.5–10.4 LAEs by placing long slits to the
critical lines, locations of the highest magnification, of
9 lensing clusters, and found six candidates. On the
other hand, z > 7 LBGs were surveyed over several lens-
ing clusters using deep optical–infrared imagings of Hub-
ble Space Telescope (HST), Spitzer and VLT, covering
most of the magnification regions including critical lines
(Bouwens et al. 2009; Bradley et al. 2008; Richard et al.
2008). Richard et al. (2008) detected 10 z ∼ 7–8 z-
dropouts and 2 z ∼ 9–10 J-dropouts. Both Stark et al.
(2007) and Richard et al. (2008) found that the num-
ber densities of very faint LAEs and LBGs at z > 7
are quite high, and they can supply the necessary pho-
tons to sustain reionization. However, their faintness has
not yet enabled successful spectroscopic identification of
them, and they still stay candidates. Finally, Willis et al.
(2008) conducted a narrowband survey of z ∼ 9 LAEs
targeting 3 lensing clusters and ended with no detection
of candidates.
Most of the insights to the galaxy evolution and reion-
ization at z & 7 are based on candidate galaxies. We
do not know how many of them are real, and this frac-
tion easily affects the analysis results. Hence, it is im-
portant to construct samples of low contamination and
of spectroscopically confirmed galaxies at z & 7. To
this end, we conducted a narrowband NB973 (λc =
9755A˚ and ∆λ = 200A˚ corresponding to 6.94 ≤ z ≤ 7.11
Lyα emission) imaging of the Subsru Deep Field (SDF,
876arcmin2; Kashikawa et al. 2004) with Suprime-Cam
(Miyazaki et al. 2002) on the Subaru Telescope and suc-
cessfully identified a z = 6.96 LAE by spectroscopy
(Iye et al. 2006). The z ≃ 7 LAE number density was
only 17% of that at z = 6.6 with an estimate of lower in-
tergalactic medium (IGM) transmission for Lyα photons
at higher redshifts; T IGMLyα ∼ 0.62–0.78 at z = 6.6 and
T IGMLyα ∼ 0.40–0.64 at z = 7 (Ota et al. 2008). This series
of density declines and decrease in T IGMLyα at z & 6 could
be another evidence that reionization ended at z ∼ 6.
 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9
 1
 4000  5000  6000  7000  8000  9000  10000
Fi
lte
r/A
tm
os
ph
er
ic 
Tr
an
sm
iss
io
n,
 C
CD
 Q
E
Wavelength (Å)
B
V R
i’
z’
N
B8
16
N
B9
21
N
B9
73
Fig. 1.— Filter transmission of the Suprime-Cam broadbands
BV Ri′z′ and narrowbands NB816, NB921 and NB973 (thin solid
curves) used for our photometry. The OH night skylines are also
overplotted with thin dotted curve. The short-dashed curve is the
atmospheric transmission. The long-dashed and thick solid curves
show the quantum efficiency of the old CCDs and the new fully
depleted CCDs. The new CCDs are about twice more sensitive to
the z = 7 Lyα at ∼ 9730A˚.
However, our conclusion from the z = 7 LAE was naive
because of three weaknesses. First of all, the survey limit
was as shallow as the Lyα luminosity of L(Lyα) & 1043
erg s−1, mostly due to the low sensitivity of detector at
the wavelength ∼ 1µm. Hence, our study was limited
to the very bright end of LF. Secondly, we could detect
only one z = 7 LAE and thus the sample was statisti-
cally very small. Of course, this might be really due to
the significant amount of absorption of Lyα photons by
neutral hydrogen that might remain at z = 7, but we can-
not completely deny the possibility of the small number
detection due to the shallow survey depth and the low
detector sensitivity. Finally, we observed only one sky
field, the SDF. If we observe any different sky fields, we
might obtain different results due to the possible cosmic
variance of galaxy evolution and reionization state. To
discuss galaxy evolution and reionization more robustly,
we need a larger z = 7 LAE sample from a deeper survey
than the SDF over another comparably large sky area.
The chance to overcome these weaknesses had come
in 2008. The CCDs of Suprime-Cam were replaced
with new CCDs that adopt a much larger depletion
layer, allowing them to detect more photons at redder
wavelength. The CCDs have twice better sensitivity
to the z = 7 Lyα emission at ∼ 1µm than the pre-
vious CCDs. Inspired with this, we have performed a
new deeper NB973 filter survey of z = 7 LAEs, tar-
geting a different but comparably large area sky field,
the Subaru/XMM-Newton Deep Survey Field (SXDS;
Furusawa et al. 2008). We have detected more candi-
date z = 7 LAEs to 0.5 mag deeper limit than our previ-
ous survey in the SDF. In the current paper, we explore
the photometric properties of them and obtain any im-
plication for reionization based on the deeper Lyα LF
considering the cosmic variance. The paper is organized
as follows. In §2, we describe the properties of the new
CCDs and imaging observation of the SXDS. Then, the
z = 7 LAE candidates are selected and their photomet-
ric properties are analyzed in §3. In §4, we derive the
deeper Lyα LF based on the newly detected LAE can-
didates, compare it with LFs from other recent studies
and discuss its implication for galaxy evolution and cos-
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mic reionization. We conclude and summarize our results
in §5. Throughout, we adapt a concordance cosmology
with (Ωm,ΩΛ, h) = (0.3, 0.7, 0.7), and AB magnitudes
with 2′′ diameter aperture, unless otherwise specified.
2. OBSERVATION
The new fully depleted red-sensitive CCDs were in-
stalled in July 2008 on the Suprime-Cam. The quantum
efficiency of the previous and new CCDs as well as trans-
mission curve of the NB973 filter are shown in Figure 1.
The quantum efficiency of the new CCDs at the central
wavelength of NB973, 9755A˚, is ∼ 0.6, about twice bet-
ter than that of the previous CCDs. This substantially
reduces the integration time required to reach a deeper
limit than the SDF NB973 survey.
We targeted another sky region studied by the Subaru
Observatory Project, the SXDS field (Furusawa et al.
2008), because deep optical broadband BV Ri′z′ images
taken by the Suprime-Cam are available. Also, deep nar-
rowband NB816 (λc = 8160A˚ and ∆λFWHM =120A˚ cor-
responding to z ∼ 5.7 Lyα) and NB921 (λc = 9196A˚ and
∆λFWHM =132A˚ corresponding to z ∼ 6.6 Lyα) filter
images of the SXDS were taken by Ouchi et al. (2008,
2009a). The entire SXDS field has an area of ∼ 1.3
square degree, consisting of five pointing of Suprime-
Cam. They are named as SXDS-C, SXDS-N, SXDS-
S, SXDS-E and SXDS-W with the central coordinates
02h18m00.s0, -05o00′00′′ (J2000) of the SXDS-C corre-
sponding to the center of the entire SXDS field. More-
over, this field has been observed with several differ-
ent wavelength from X-ray to radio. Hence, multi-
wavelength study of z = 7 LAEs is also possible. For
example, the SXDS-C and most part of the SXDS-S
have been observed with the UKIDSS Ultra Deep Survey
(UKIDSS-UDS; Lawrence et al. 2007) and the Spitzer
legacy survey (SpUDS; PI: J. Dunlop)13. However, the
SXDS-C includes a few bright stars whose stellar ha-
los contaminate large areas. Hence, to image the same
area as the UKIDSS and the Spitzer surveys and to
avoid those bright stars, we observed an area between the
SXDS-C and SXDS-S, 02h18m00.s0, -05o13′30′′ (J2000),
as shown in Figure 2 by one pointing (34′ × 27′) of the
Suprime-Cam.
The NB973 imaging observations with the new red-
sensitive CCDs were carried out at dark clear nights on
25 and 26 October and 30 November in 2008. The sky
conditions were photometric with the seeing of ∼ 0.′′5–
1.′′2. By taking the 30 minute exposure frames with
8-point dithering patterns, we obtained a total of 17
hours of imaging data. We have reduced the NB973
image frames using the software SDFRED (Ouchi et al.
2004; Yagi et al. 2002) in the same standard manner as
in Kashikawa et al. (2004) and Ota et al. (2008). The
dithered NB973 image frames were combined by dis-
carding the frames with seeing size of > 1′′ because we
confirmed that they degrade the final stacked image al-
though they do not help improve the depth. The as-
trometry of the combined image was then matched to
those of the BV Ri′z′ SXDS-C and SXDS-S images to
produce the two images we hereafter call NB973-SXDS-
C and NB973-SXDS-S. The seeing size and integration
13
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Fig. 2.— The image of the Subaru/XMM-Newton Deep Survey
(SXDS) Field (Furusawa et al. 2008). The north is up and the east
to the left. The SXDS consists of five pointing (totally ∼ 1.3 square
degree) of the Suprime-Cam named SXDS-C, SXDS-N, SXDS-S,
SXDS-E and SXDS-W. We imaged the region between the SXDS-C
and SXDS-S with the NB973 (the red square). The green, cyan and
magenta lines show the UKIDSS-UDS (Lawrence et al. 2007) and
SpUDS fields (PI: J. Dunlop) with Spizer Space Telescope Infrared
Array Camera 3.6µm and 5.8µm imaging and 4.5µm and 8.0µm
imaging, respectively.
time of these final combined NB973 images are 1.′′0 and
13 hours. Spectrophotometric standard stars LDS749B,
GD248 and GD71 (Oke 1990) were imaged during the
observation to calibrate the photometric zeropoint of
these stacked images, which was turned out to be NB973
= 32.24 mag ADU−1. The limiting magnitude reached
NB973 ≤ 25.4 at 5σ with 13 hour integration, about 0.5
magnitude deeper than our previous 15 hours of the SDF
NB973 survey.
3. PHOTOMETRIC CANDIDATES
3.1. Photometry
Using the NB973-SXDS-C and NB973-SXDS-S
images, we made an NB973-detected object catalog
and performed photometric analysis. Because the
broadband BV Ri′z′ and narrowband NB816 and
NB921 filter images of the SXDS-C and SXDS-S have
smaller seeing sizes of ∼ 0.′′7–0.′′8, we convolved
these images to have the same seeing size of 1′′ as the
NB973-SXDS-C and NB973-SXDS-S for the purpose
of aperture photometry. The 2′′ aperture limiting
magnitudes of these images at 3σ with the Galac-
tic extinction corrected based on Schlegel et al.
(1998) are (B, V,R, i′, z′,NB816,NB921) =
(28.00, 27.71, 27.52, 27.58, 26.54, 26.52, 26.37) for the
SXDS-C and (28.24, 27.68, 27.62, 27.43, 26.36, 26.62, 26.37)
for the SXDS-S. We used the SExtractor software ver-
sion 2.2.2 (Bertin & Arnouts 1996) for source detection
and photometry. The Suprime-Cam CCDs have a pixel
size of ∼ 0.′′2 pixel−1. We considered an area larger
than contiguous 5 pixels with a flux [mag arcsec−2]
greater than 2σ to be an object. Object detection was
first made in the NB973-SXDS-C and NB973-SXDS-S
images and then photometry was done in the images of
4 Ota et al.
 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9
 1
 22  22.5  23  23.5  24  24.5  25  25.5  26
Co
m
pl
et
en
es
s
NB973 (total) [AB mag]
SXDS
SDF
SXDS 5σ Survey limit
SDF 5σ Survey limit
Fig. 3.— The detection completenesses of the NB973 SXDS (the
present survey) and SDF (the previous survey Ota et al. 2008) im-
ages, calculated for every 0.5 mag bin. The completenesses do not
reach 1.0 even for the objects with bright magnitudes. This is be-
cause the blended or overlapped objects tend to be counted as one
object by the SExtractor. The completenesses are corrected when
the number and luminosity densities of z = 7 LAEs in the SXDS
and SDF are calculated in §4. Our current survey in the SXDS is
much deeper and more complete than our previous survey in the
SDF.
the other wavebands for SXDS-C and SXDS-S, respec-
tively, using the double-image mode. We measured 2′′
diameter aperture magnitudes of detected objects with
MAG−APER parameter and total magnitudes with
MAG−AUTO. The final object catalog was constructed
by combining the photometry from both SXDS-C and
SXDS-S, detecting the total of 230,044 objects down to
NB973 ≤ 25.4 (5σ).
3.2. Selection of Candidate z = 7 LAEs
We used the same color criteria as ones adopted for our
previous NB973 survey in the SDF (Ota et al. 2008) to
select out candidate z = 7 LAEs in the SXDS. Namely,
(1) B, V,R, i′,NB816, z′,NB921 < 3σ; NB973 ≤ 25.4
(2) B, V,R,NB816,NB921 < 3σ; i′ − z′ > 1.3;
z′ −NB973 > 1.0; NB973 ≤ 25.4
We found 1274 and 18 objects satisfying the criterion (1)
and (2), respectively.
However, most of them are located in the noisy rea-
gions near the edges of the NB973-SXDS-C and NB973-
SXDS-S images where the signal-to-noise (S/N) ratio is
low. This implies that most of them could be noises that
appear only in the NB973 images and not in the other
wavebands. To examine if they are noises, we created the
negative NB973-SXDS-C and NB973-SXDS-S images by
multiplying each pixel value by −1 and performed source
detection using SExtractor with the detection and analy-
sis thresholds of 5σ, instead of 2σ, because our candidate
selection adopted NB973 ≤ 25.4 (5σ) and the sky back-
ground rms’s do not change even if we change the positive
images into negative ones. The top and right edges of the
NB973-SXDS-C image and the bottom and right edges
of the NB973-SXDS-S images were dominated with nega-
tive > 5σ detections, which are considered noises. These
edge regions coincide with the locations where most of
the sources selected with the z = 7 LAE candidate cri-
teria (1) and (2) above distribute. Hence, we trimmed
these edge regions off the NB973-SXDS-C and -S im-
ages. After that, we also measured the limiting magni-
tudes near the edge of the images and found that the
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Fig. 4.— z′− NB973 (2′′ aperture mags.) color as a function
of NB973 (total) magnitude of the objects detected in our survey
field (shown by dots). The dotted curve shows 3σ error track of
z′− NB973 color. The horizontal solid line is a part of our color
selection criterion, z′− NB973 > 1.0. The vertical dashed line
indicates the detection limiting magnitude of our survey, NB973
= 25.4(5σ). The diagonal dashed line is the 2σ limits of z′-band
2′′ aperture magnitude. The three z = 7 LAE candidates are
denoted by the filled circles with the upper arrows showing the 2σ
limits on z′− NB973 colors.
regions within 1000 pixels (∼ 3.′4) from right edges of
the NB973-SXDS-C and -S images are 0.3 mag shallower.
Thus, we also removed these region from the images.
Consequently, we were left with three objects located
in NB973-SXDS-S image, all of which satisfy the can-
didate selection criterion (1). We visually inspected all
the broadband and narrowband images of each of these
three objects to remove obviously spurious sources such
as columns of bad pixels, pixels saturated with bright
stars, noise events of deformed shapes and scattering pix-
els having anomalously large fluxes. None of the these
applied to the three objects. We also examined if the ob-
jects are not seen in the BV Ri′, NB816 and NB921 be-
cause such objects are considered low-z interlopers since
flux at the wavelength shortward z = 7 Lyα should be
mostly absorbed by the IGM. None of the three were seen
in any of the wavebands blueward z = 7 Lyα.
However, because these selected objects are only de-
tected in the NB973 image and not in the other wave-
bands, they might include transient or variable objects
such as active galactic nuclei (AGNs) and supernovae
that were too faint to be detected at the time of BV Ri′z′,
NB816 and NB921 imaging observations of the SXDS
but became brighter than 5σ at the time of our NB973
imaging. Also, the three objects might still include noise
events that exist only in the NB973 image and that re-
semble real objects in shape. The color selection and
the visual inspection above alone cannot remove these
contaminants.
To reduce the number of these contaminants as much
as possible, we conducted another type of photometric
analysis as follows. We created three additional NB973
SXDS images: (1) a stacking of NB973 image frames
(11 hours in total and PSF of 1.′′2) taken on 25 and 26
October 2008, (2) a stacking of NB973 image frames (6
hours in total and PSF of 1.′′2) taken on 30 November
2008 and (3) a stacking of all the NB973 image frames
including the ones with PSF > 1′′ (17 hours in total and
PSF of 1.′′2) taken in both October and November 2008.
Then, we measured the 2′′ aperture fluxes of the three
objects in each of the images (1)–(3). We found that each
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Fig. 5.— The multi-waveband images of the three candidate z = 7 LAEs. The size of each image is 20′′ × 20′′. They are detected only
in NB973.
object was detected in all the images (1)–(3) at 4.3–5.0σ,
5.0–7.8σ and 3.0–4.4σ significances, respectively. On the
other hand, we also created the negative images from
the images (1)–(3), performed source detection in the
same way above and found that negative > 5σ noises
were not detected in all the images (1)–(3) in the same
locations. Hence, the three objects are not likely to be
noises. Meanwhile, the difference in NB973 flux between
the images (1) and (2) (i.e., between the October and
November 2008) in each of the three objects was 0.32σ,
1.7σ and 0.66σ, respectively. Since the flux differences
are within ±1σ photometric errors, all the three objects
did not show any significant variability in one month.
Hence, they might not be variable objects. However, we
cannot completely exclude the possibility of them being
variable objects because their time variability might be
longer than one month.
Eventually, we were left with three candidates and
this is an upper limit on the number of z = 7 LAEs
in the NB973 SXDS field since they might still include
variable objects with slow variability. In our previous
NB973 survey in the SDF, Ota et al. (2008) estimated
that the number of variables could be ∼ 3.8–4.5 in the
876 arcmin2 of sky area. If this number is correct and
also applies to the NB973-SXDS-C and NB973-SXDS-
S images (totally 824 arcmin2, see below), all the three
objects selected in the SXDS could be variable objects.
However, to securely identify them, the follow-up spec-
troscopy is of course required. The color-magnitude di-
agram (z′− NB973 vs. NB973) of the three LAE candi-
dates and all the objects detected down to NB973 = 25.4
is plotted in Figure 4. The images of the three LAE can-
didates and their photometric properties are shown in
Figure 5 and Table 1, respectively.
To remove the noises in the process of the candidate
selection, we trimmed the low S/N edge regions off the
NB973-SXDS-C and NB973-SXDS-S images. After this,
the total area of the NB973-SXDS-C and NB973-SXDS-
S images became 824 arcmin2. The comoving distance
along the line-of-sight corresponding to the redshift range
6.94 ≤ z ≤ 7.11 for LAEs covered by NB973 filter is 58
Mpc. Therefore, we have probed a total of 3.0 × 105
Mpc3 volume in our survey.
3.3. The Detection Completeness
The number of objects we can detect decreases as the
fluxes of objects become fainter. To examine what frac-
tion of objects in the NB973 image the SExtractor can
detect or fails to detect down to the limiting magnitude of
NB973 ≤ 25.4, we measured the detection completeness
of our photometry for the NB973-SXDS-C and NB973-
SXDS-S images in the same way as Ota et al. (2008).
The detection completeness is the ratio of the number of
detected objects to that of objects actually imaged in the
NB973-SXDS-C and NB973-SXDS-S images. The result
is shown in Figure 3. The completeness is ∼ 72% at our
detection limit of NB973 = 25.4. This completeness was
corrected when the number and luminosity densities and
Lyα LF of z = 7 LAEs were calculated in the §4. Fig-
ure 3 also shows the completeness of our previous NB973
survey in the SDF for comparison. It is clear that the
present survey in the SXDS is much deeper and more
complete.
3.4. Lyα Luminosity and Star Formation Rate
To derive the Lyα LF of z = 7 LAEs, we need to know
their Lyα fluxes. Now that we know the NB973 magni-
tudes of our z = 7 LAE candidates, we can estimate their
Lyα fluxes, F (Lyα), Lyα luminosities, L(Lyα), and cor-
responding star formation rates (SFRs), SFR(Lyα), by
directly converting the NB973 magnitudes into F (Lyα).
Note that these quantities could be upper limits because
the narrowband NB973 filter might possibly detect not
only the Lyα emission of a LAE but also its UV contin-
uum flux if it is strong. In our present survery, we have
neither sufficiently deep near-infrared images nor spec-
troscopic data for our three z = 7 LAEs for the estima-
tion of UV continuum fluxes to correct the narrowband
fluxes for the continuum contribution. The F (Lyα),
L(Lyα) and SFR(Lyα) calculated here are listed in Table
2. We convert F (Lyα) into L(Lyα) by assuming that the
redshift of Lyα emission is z = 7.02 corresponding to the
central wavelength of NB973 (9755A˚). The uncertainty
of L(Lyα) due to the location of Lyα emission (z = 6.94–
7.10) within the NB973 passband (λ = 9655–9855A˚) is
∆ logL(Lyα) . 0.02. To estimate SFR(Lyα), we used
the following relation derived from Kennicutt’s equation
(Kennicutt 1998) with the case B recombination theory
(Brocklehurst 1971).
SFR(Lyα) = 9.1× 10−43L(Lyα)M⊙yr
−1 (1)
It should be noted that this relation holds good in the
case where Lyα emission is not attenuated by neutral
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TABLE 1
Photometric properties of candidate z = 7 Lyα emitters
Object R.A. (J2000.0) Decl. (J2000.0) i′ NB816 z′ NB921 NB973 NB973 (total)
NB973-SXDS-S-5729 02:17:48.97 -05:27:18.56 > 27.87 > 27.06 > 26.80 > 26.81 25.24 24.52
NB973-SXDS-S-113268 02:17:59.54 -05:14:07.61 > 27.87 > 27.06 > 26.80 > 26.81 24.84 24.57
NB973-SXDS-S-66924 02:17:57.85 -05:18:47.46 > 27.87 > 27.06 > 26.80 > 26.81 25.30 25.10
NOTE: Units of coordinate are hours: minutes: seconds (right ascension) and degrees: arcminutes: arcseconds (declination) using J2000.0
equinox. i′, NB816, z′, NB921 and NB973 are all 2′′ aperture magnitudes while NB973 (total) is a total magnitude. Magnitudes are
replaced by their 2σ limits if they are fainter than the limits.
IGM. Lyα emission could be attenuated by neutral IGM
at z > 6. Hence, we basically discuss L(Lyα) and its
volume density ρLyα as physical properties of z = 7 LAEs
in the subsequent sections and list SFR(Lyα) and its
volume density SFRDLyα just for reference.
4. DISCUSSION
In our previous survey, we detected one z ≃ 7 LAE
to the limit of L(Lyα) & 1 × 1043 erg s−1 in the SDF.
The number and Lyα luminosity densities of z = 7 LAE
were significantly smaller than those of LAEs at z = 5.7
and z = 6.6, suggesting that neutral fraction might be
larger at higher redshifts beyond z ∼ 6. However, the
SDF survey had three weaknesses: shallow depth, small
statistics and observation of only one sky field (Ota et al.
2008). We have now detected three LAE candidates in a
different sky field, SXDS, to 0.5 mag deeper limit than
the SDF survey. Hence, we derive a deeper Lyα LF of
z = 7 LAEs with improved statistics to investigate what
it implies for galaxy evolution and reionization and to
see if it supports our previous result or how the result
changes in the different sky field.
4.1. Lyα Luminosity Function of z = 7 LAEs
In §3.4, we estimated the upper limit on L(Lyα) for
each LAE candidate. Based on this, we now derive the
upper limit on Lyα LF of z = 7 LAEs at z = 7 to our
survey limit of NB973 ≤ 25.4 corresponding to L(Lyα) &
9.2 × 1042 erg s−1 (also assuming that Lyα emission is
at z = 7.02 corresponding to the central wavelength of
NB973 filter 9755A˚). We estimate the number density of
LAEs by simply dividing the cumulative number of LAEs
in each L(Lyα) bin by the survey volume of 3.0 × 105
Mpc3 estimated in §2. For the error of number density in
each bin, we include Poisson errors and cosmic variance
estimated in the same way as in Ota et al. (2008). That
is, we used the Tables 1 and 2 in Gehrels (1986) for the
estimate of Poisson errors and the semi-analytic model of
Somerville et al. (2004) for the cosmic variance. Also, we
correct the number density and its error for the detection
completeness estimated in §2 and Figure 3. The derived
upper limit Lyα LF of z = 7 LAEs in the SXDS as well
as LFs of LAEs at z = 5.7, 6.6 and 7.0 in the SDF or
SXDS from Shimasaku et al. (2006), Ouchi et al. (2008),
Kashikawa et al. (2006) and Ota et al. (2008) are shown
in Figure 6. It should be noted that while our LF is the
upper limit without correction for contribution from UV
continuum flux, all the other LFs are corrected for this
using either the deep broadband images redward Lyα or
spectroscopy data (See each reference).
The upper limit z = 7 LF is similar to z = 5.7 LFs
at its brighter end but shows deficit from z = 5.7 at the
fainter luminosity. The fainter part of the upper limit z =
7 LF is similar to the z = 6.6 LF. The number density
of the SXDS upper limit z = 7 LF is larger than that of
the SDF z = 7 LF based on the spectroscopy. However,
Figure 6 also shows that if we assume that F (NB973) =
F (Lyα) for the SDF z = 7 LF, it is similar to the SXDS
z = 7 LF. This suggests that the field-to-field variance
in z = 7 Lyα LF might not be so significant between
the SDF and SXDS. However, to investigate the field-to-
field variance more precisely, we should know accurate
Lyα luminosities of the three z = 7 LAE candidates with
spectroscopy.
Figure 7 and Table 3 show the LAE number den-
sity nLyα and Lyα luminosity density ρLyα estimated
from our three z = 7 LAE candidates to the survey
limit of L(Lyα) = 9.2 × 1042 erg s−1. They are
nz=7Lyα ∼ 1.9
+0.9
−0.9× 10
−5 Mpc−3 and ρz=7Lyα ∼ 1.9
+0.9
−0.9× 10
38
erg s−1 Mpc−3, respectively. Also, in Figure 7 and Table
3 to the same limit, the number and Lyα luminosity
densities at z = 5.7 and z = 6.6 are estimated to
be (nz=5.7photLyα , n
z=5.7phot
Lyα , n
z=6.6phot
Lyα , n
z=6.6spec
Lyα ) ∼
(8.8+4.2
−3.6, 6.8
+1.5
−1.5, 2.5
+1.6
−1.4, 1.1
+1.1
−0.8) × 10
−5 Mpc−3
and (ρz=5.7photLyα , ρ
z=5.7phot
Lyα , ρ
z=6.6phot
Lyα , ρ
z=6.6spec
Lyα ) ∼
(12.4+5.9
−5.1, 9.0
+1.9
−1.9, 2.9
+1.9
−1.6, 1.5
+1.5
−1.2) × 10
38 erg s−1 Mpc−3
from the z = 5.7 Lyα LFs based on photometric LAE
samples in SDF and SXDS derived by Shimasaku et al.
(2006) and Ouchi et al. (2008) and the z = 6.6 Lyα LFs
based on photometric and spectroscopic LAE samples
derived by Kashikawa et al. (2006), respectively. These
densities were calculated by integrating the best-fit
Schechter (1976) LFs derived in these studies and
each uncertainty consists of Poisson error and cosmic
variance. Again, we used the Tables 1 and 2 in Gehrels
(1986) for the estimate of Poisson errors and the
semi-analytic model of Somerville et al. (2004) for the
cosmic variance. Similarly, densities at 3 < z < 5.7 were
also calculated using the best-fit Schechter Lyα LFs
from previous studies (Ouchi et al. 2008; Dawson et al.
2007) and shown in Figure 7. The LAE number
and Lyα luminosity densities do not change much at
z < 5.7 but do decrease at z > 5.7. The upper limit
on number and Lyα luminosity densities at z = 7 are
nz=7Lyα/n
z=5.7
Lyα ∼ 7.7–54% and ρ
z=7
Lyα/ρ
z=5.7
Lyα ∼ 5.5–39% of
those at z = 5.7.
We have discussed differences in nLyα and ρLyα be-
tween z = 7 and later epochs based on the upper limit
z = 7 Lyα LF in the SXDS. This LF was derived from
Lyα fluxes of z = 7 LAE candidates directly converted
from NB973 magnitudes without correcting for UV con-
tinuum fluxes. Even so, the z = 7 LF shows deficit
in number and Lyα luminosity densities from z = 5.7.
Hence, in reality, if the UV continuum fluxes are cor-
rected, the z = 7 LF might show more deficit.
4.2. Comparison with a Galaxy Evolution Model
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TABLE 2
Luminosities and SFRs of candidate z = 7 Lyα emitters
Object F (Lyα)a L(Lyα)b SFR(Lyα)c
(10−17 erg s−1 cm−2) (1042 erg s−1) (M⊙yr
−1)
NB973-SXDS-S-5729 3.6 20.7± 0.6 18.8± 0.5
NB973-SXDS-S-113268 3.4 19.7± 0.5 18.0± 0.5
NB973-SXDS-S-66924 2.1 12.1± 0.3 11.0± 0.3
aThe Lyα flux calculated assuming that F (Lyα) = F (NB973).
bThe Lyα luminosity converted from F (Lyα) assuming that Lyα emission is located at the center of NB973 passband (i.e., z = 7.02). The
uncertainties correspond to the other locations of Lyα emission (z = 6.94–7.10) within the NB973 passband (λ = 9655–9855A˚).
cThe SFR corresponding to L(Lyα).
The deficit in densities from z = 5.7 to z = 7
could reflect both or either of galaxy evolution between
these epochs and attenuation of Lyα emission by neu-
tral hydrogen remaining at the epoch of reionization.
It is possible to estimate how much the number den-
sity or Lyα luminosity density changes due to galaxy
evolution by using empirically-calibrated semi-analytic
galaxy evolution models. In Figure 6, we also plot
Lyα LFs of LAEs at z = 5.7, 6.6 and 7 expected
in the case of the IGM transmission for Lyα photons
T IGMLyα = 1 (or equivalently neutral fraction xHI = 0),
which we calculated by using a LAE evolution model
of Kobayashi, Totani & Nagashima (2007, 2010, here-
after KTN10 model). Kobayashi, Totani & Nagashima
(2007, 2010) constructed this model by incorporating
new modeling for an escape fraction of Lyα photons from
galaxies into a recent hierarchical clustering model of
Nagashima & Yoshii (2004), physically considering dust
extinction of Lyα photons and the effect of galaxy-scale
outflows. The KTN10 model was empirically calibrated
to fit the observed Lyα LF of z = 5.7 LAEs in the SDF
(Shimasaku et al. 2006). It is worth noting that, with
the consistent set of model parameters, the model nat-
urally reproduces all of the available observed data of
the LAEs (i.e., Lyα LF, UV LF, and equivalent width
distribution) in the redshift range of z ∼ 3–6 under the
standard scenario of hierarchical galaxy formation.
The KTN10 model z = 7 LF shows lower number
density than z = 5.7 LFs due to the galaxy evolution.
The observed upper limit z = 7 LF is consistent with
the KTN10 z = 7 LF at the bright end but shows a
deficit at the fainter end. Integrating the KTN10 LF
to our survey limit of L(Lyα) & 9.2 × 1042 erg s−1,
we obtain the number and Lyα luminosity densities of
nz=7,KTN10Lyα ∼ 7.2 × 10
−5 Mpc−3 and ρz=7,KTN10Lyα ∼
9.5× 1038 erg s−1 Mpc−3 as also shown in Figure 7 and
Table 3. Thus, the observed number and Lyα luminos-
ity densities are factors of nz=7Lyα/n
z=7,KTN10
Lyα ∼ 0.14–0.39
and ρz=7Lyα/ρ
z=7,KTN10
Lyα ∼ 0.17–0.36 lower than the model-
predicted densities of z = 7 LAEs in the environment
where xHI = 0.
This density discrepancies between the model and ob-
served LFs might possibly reflect the attenuation of Lyα
luminosity by neutral hydrogen. If we assume that this
is the case, we can estimate the IGM transmission for
Lyα photons T IGMLyα at z = 7 with T
IGM
Lyα = observed
L(Lyα)/KTN10 model L(Lyα). We shifted the KTN10
z = 7 LF by attenuating its Lyα luminosity L(Lyα) and
compared it with our observed z = 7 LF to find the
possible range of T IGMLyα . In Figure 6, we also show the
attenuated KTN10 z = 7 LF, which still passes through
the observed z = 7 LF data within error at the faintest
end and gives the maximum possible attenuation factors
of T IGMLyα = 0.4. Hence, the Lyα luminosity is attenuated
by a factor of 0.4 . T IGMLyα . 1 (see also Table 3).
4.3. Implication for Reionization
In §4.2, we estimated the effect of galaxy evolution on
the decrease in the number density by using the KTN10
model. Even after correctiong for the galaxy evolution
effect, the number density of z = 7 LAE Lyα LF still
shows a deficit. This could be due to Lyα photon absorp-
tion by neutral IGM, implying a possible evolution of the
IGM neutral fraction between z = 5.7 and z = 7. If we
can translate T IGMLyα obtained in §4.2 to neutral fraction
at z = 7, we might be able to obtain some quantitative
implications for reionization. However, this conversion
process is highly complicated and uncertainty is large be-
cause we have to rely on currently proposed models that
quantify Lyα emission line attenuation by neutral IGM
(e.g., Santos 2004; Dijkstra et al. 2007; McQuinn et al.
2007). As we did in Ota et al. (2008) and for compari-
son with their result from the z = 7 LAE survey in the
SDF, we use the dynamical model with a reasonable ve-
locity shift of the Lyα line by 360 km s−1 redward of the
systemic velocity (Santos 2004), which provides T IGMLyα as
a function of neutral fraction xHI.
In §4.2, we obtained T IGMLyα = 0.4–1 from the com-
parison of the KTN10 model LF and the upper limit
on z = 7 Lyα LF in Figure 6. If we apply this
T IGMLyα to the Lyα flux attenuation model of Santos
(2004), the neutral fraction at z = 7 would be 0 .
xz=7HI . 0.63. This range of x
z=7
HI is consistent with
xz=7HI ∼ 0.32–0.62 obtained by our previous NB973 sur-
vey in the SDF (Ota et al. 2008), which also used the
Kobayashi, Totani & Nagashima (2007) LAE evolution
model, the previous version of the KTN10 model. Since
the difference in predicted number density of z = 7 Lyα
LF between the Kobayashi, Totani & Nagashima (2007)
model and the KTN10 model is negligibly small to our
survey limit, the consistency of the result between the
SXDS and SDF implies that the field-to-field variance
in reionization state is not so significant between these
different sky fields of comparable areas.
Meanwhile, the Gunn-Peterson troughs
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Fig. 6.— Cumulative Lyα LFs of z = 5.7 LAEs in the SDF
(Shimasaku et al. 2006) and SXDS (Ouchi et al. 2008), z = 6.6
LAEs (Kashikawa et al. 2006) and z = 7 LAEs in the SDF
(Ota et al. 2008) and SXDS (this study based on the 3 candidates).
The LFs based on the photmetry and spectroscopy samples are la-
beled as Phot and Spec. The z = 7 SXDS LF is the upper limit LF
based on the assumption that F (Lyα) = F (NB973) in each z = 7
LAE candidate while L(Lyα)’s of all the other LFs are corrected for
the contribution from UV continuum fluxes (See esch reference).
There are 4 data points for our 3 z = 7 candidates because the last
bin corresponds to our survey limit of Llimit(Lyα) = 9.2×10
42 erg
s−1 (shown by the arrow) and the faintest candidate is brighter
than this limit. All the errors include cosmic variance and Poisson
errors (See §4.1). All the data and errors are corrected for their
detection completeness (See Figure 3). The long-dashed, short-
dashed and solid curves are the intrinsic (i.e., T IGM
Lyα
= 1) Lyα LFs
at z = 5.7, 6.6 and 7, respectively, predicted by the KTN10 LAE
evolution model (See §4.2). The thin solid curve is the KTN10
model z = 7 LF with its Lyα luminosity attenuated by a factor of
0.4 to be consistent with the data points with its errors that result
in the largest attenuation of the LF.
(Gunn & Peterson 1965) found in z ∼ 6 quasar
spectra suggest that reionization ended at z ∼ 6 with an
estimated neutral fraction at z ∼ 6.2, xz∼6.2HI ∼ 0.01–0.04
(Fan et al. 2006). Also, spectral analyses of z ∼ 6.3
and 6.7 GRBs imply that reionization is not yet com-
plete at z ∼ 6.3 and 6.7 with xz∼6.3HI ≤ 0.17–0.6 and
xz∼6.7HI > 0.35 (Totani et al. 2006; Greiner et al. 2009).
These results, together with the z = 7 neutral fraction
we derived, imply that xHI could be higher at the
earlier epoch beyond z ∼ 6 at which reionization is
believed to have ended. However, it should be again
noted that our quantitative results from LAE surveys
are model-dependent and thus considered one possible
interpretation. All the densities, IGM transmission and
neutral fraction obtained in §4.1–4.3 (nLyα, ρLyα, T
IGM
Lyα ,
xz=7HI ) are summarized in Table 3.
5. CONCLUSION
We conducted a deep narrowband NB973 survey of
z = 7 LAEs in the SXDS using the fully depleted CCDs
newly installed on the Subaru Telescope Suprime-Cam,
which doubled the detector sensitivity to z = 7 Lyα emis-
sion at ∼ 1µm. Integrating 13 hours, we reached a survey
limit of NB973 = 25.4 (5σ), 0.5 mag deeper than our pre-
vious survey in the SDF. To this limit, we detected three
candidate z = 7 LAEs, all of which are detected in all
the multi-epoch NB973 imaging data and thus probably
real objects.
With the survey depth and the sample statistics sig-
nificantly improved compared with our previous NB973
survey in the SDF, we derived deeper but upper limit
Lyα LF at z = 7, assuming that F (NB973) = F (Lyα).
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Fig. 7.— The number density nLyα, Lyα luminosity density
ρLyα and star formation rate density SFRDLyα of LAEs at z =
5.7, 6.6 and 7 derived from the current study and the latest
Subaru/Suprime-Cam LAE surveys in the SDF and SXDS and
those at 3 < z < 5.7 from literature to Llimit(Lyα) = 9.2 × 10
42
erg s−1. The densities at z = 7 (large filled circles) are calcu-
lated from our 3 z = 7 LAE candidates in the SXDS with the
assumption that F (Lyα) = F (NB973). The densities at all the
other redshifts are calculated by integrating the the best-fit Lyα
Schechter LFs derived from the z = 6.6 SDF photometric and
spectroscopic samples of Kashikawa et al. (2006, open circles and
triangles, respectively), the z = 5.7 SDF photometric sample of
Shimasaku et al. (2006, open squares), the z = 3.1, 3.7 and 5.7
SXDS samples of Ouchi et al. (2008, diamonds) and the z ∼ 4.5
sample of Dawson et al. (2007, pentagon). All the parameters of
the Schechter LFs (normalization φ∗, characteristic luminosity L∗
and faint end slope α) used for the calculations of the densities
shown here are the same as those used for the similar density cal-
culations in Ota et al. (2008). Each horizontal error bar shows the
redshift range of each survey. The vertical error bars include both
cosmic variance and Poisson errors (See §4.1). The plus symbols
at z = 5.7, 6.6 and 7 with solid lines show the expected densi-
ties obtained by integrating the intrinsic Lyα LFs predicted by the
KTN10 model. At z > 5.7, the densities decrease and smaller than
the model-predicted values, implying that the Lyα lines might be
attenuated by the possibly increasing neutral IGM at reionization
epoch.
To our survey limit L(Lyα) = 9.2× 1042 erg s−1 (corre-
sponding to NB973 = 25.4), the z = 7 LF is similar to
the z = 5.7 LAE Lyα LF at the brighter end but shows
a clear deficit from the z = 5.7 at the fainter end. The
fainter end of the z = 7 LF also looks similar to the
z = 6.6 LAE Lyα LF. The number and Lyα luminos-
ity densities at z = 7 are nz=7Lyα ∼ 1.9
+0.9
−0.9 × 10
−5 Mpc−3
and ρz=7Lyα ∼ 1.9
+0.9
−0.9 × 10
38 erg s−1 Mpc−3. They are
nz=7Lyα/n
z=5.7
Lyα ∼ 7.7–54% and ρ
z=7
Lyα/ρ
z=5.7
Lyα ∼ 5.5–39% of
the densities at z = 5.7.
The decrease in number and Lyα luminosity densities
from z = 5.7 to z = 7 could be due to either or both of
galaxy evolution and suppression of Lyα line flux by neu-
tral hydrogen. Our observed z = 7 Lyα LF shows deficit
from the predicted z = 7 LF corrected for the possible
density decrease due to galaxy evolution calculated by
using a LAE evolution model (the KTN10 model). If
we attribute the deficit to the attenuation of Lyα flux by
neutral hydrogen, the IGM transmission for Lyα photons
at z = 7 would be 0.4 . T IGMLyα . 1.
Our current result as to T IGMLyα strengthens the possibil-
ity that reionization might not be complete yet at z = 7
and supports the previous results from the z ∼ 6 quasars
and z > 6 GRBs, which suggest that reionization might
have completed at z ∼ 6. The Lyα LF, trend of decrease
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TABLE 3
LAE Number and Lyα Luminosity Densities, IGM Transmission and Neutral Fraction
Lyα Luminosity Functiona nbLyα ρ
b
Lyα T
IGM
Lyα
c xz=7HI
d
(10−5 Mpc−3) (1038 erg s−1 Mpc−3)
z = 7.0 Upper 1.9+0.9
−0.9 1.9
+0.9
−0.9 — —
z = 5.7 SDF Phot 8.8+4.2
−3.6 12.4
+5.9
−5.1 — —
z = 5.7 SXDS Phot 6.8+1.5
−1.5 9.0
+1.9
−1.9 — —
z = 6.6 SDF Phot 2.5+1.6
−1.4 2.9
+1.9
−1.6 — —
z = 6.6 SDF Spec 1.1+1.1
−0.8 1.5
+1.5
−1.2 — —
z = 7.0 KTN10 7.2 9.5 0.40–1.00 0.00–0.63
aThese LFs correspond to the ones in Figure 6.
bNumber and Lyα luminosity densities calculated to our survey limit of L(Lyα) = 9.2× 1042 erg s−1 (See §4.1 and 4.2).
cIGM transmission for Lyα photons at z = 7 derived from the comparison of z = 7 SXDS LF and z = 7 KTN10 LF (See §4.2).
dNeutral fraction at z = 7 obtained by appying the T IGMLyα to Santos (2004) model.
in nLyα and ρLyα from z = 5.7, and T
IGM
Lyα at z = 7
investigated in the present deep NB973 survey in the
SXDS are all consistent with those studied in our previ-
ous NB973 survey in the SDF. This implies that field-to-
field variance in these properties as well as reionization
status between the two different sky fields of comparable
areas, the SXDS and SDF (824 and 876 arcmin2, respec-
tively, corresponding to the survey volume of ∼ 3 × 105
Mpc3), is not significant. However, observing two sky
fields is statisctically small and increasing the number of
survey fields is still important to investigating the field
variance of reionization state more accurately.
The results regarding z = 7 LAEs presented here are
based on deeper survey limit and larger sample statistics
than the SDF and our current conclusion is robuster.
However, the sample is constructed from the photomet-
ric candidates, and the follow-up spectroscopy of them
are indispensable to know how many of them are real, to
estimate Lyα flux and luminosity precisely and thus to
increase the accuracy of the study on the galaxy evolu-
tion and reionization. Even so, our current study shows
that even if all the three candidates would be spectro-
scopically identified to be real LAEs at z = 7, the fact
that the number and Lyα luminosity densities decrease
from z ∼ 6 to z = 7 will not change. If some of the can-
didates turn out to be unreal, the densities will be even
smaller. Hence, something could be really going on be-
yond z ∼ 6, which might possibly be reionization. This
will still remain an open question for the time being, be-
cause our constraint on reionization at z = 7 depends
on one or two models: a LAE evolution model and/or
a Lyα flux attenuation model. The improvement of the
accuracy of these semi-analytical and theoretical models
in the future will help answer the question.
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